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Mosquito ﬁtnessUnraveling selective forces that shape vector–parasite interactions has critical implications for malaria
control. However, it remains unclear whether Plasmodium infection induces a ﬁtness cost to their natural
mosquito vectors. Moreover, environmental conditions are known to affect infection outcome and may
impact the effect of infection on mosquito ﬁtness. We investigated in the laboratory the effects of
exposition to and infection by ﬁeld isolates of Plasmodium falciparum on fecundity and survival of a major
vector in the ﬁeld, Anopheles coluzzii under different conditions of access to sugar resources after blood
feeding.
The results evidenced ﬁtness costs induced by exposition and infection. When sugar was available after
blood meal, infected and exposed mosquitoes had either reduced or equal to survival to unexposed mos-
quitoes while fecundity was either increased or decreased depending on the blood donor. Under strong
nutritional stress, survival was reduced for exposed and infected mosquitoes in all assays.
We therefore provide here evidence of an environmental-dependant reduced survival in mosquitoes
exposed to infection in a natural and one of the most important parasite-mosquito species associations
for human malaria transmission.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Unraveling selective forces that shape vector–parasite interac-
tions is of critical interest for malaria control. It may help
understanding the outcome of infection of mosquito vectors
(Tripet et al., 2008) which may, in turn, improve predictions of
transmission blocking strategies’ efﬁcacy (Churcher et al., 2012).
Further, understanding the processes that maintain genetic
diversity in mosquito immune systems is necessary to interpret
signatures of genetic selection by mosquito pathogens (Cohuet
et al., 2008; Crawford et al., 2012; Obbard et al., 2008) and poten-
tially allow identiﬁcation of genes implicated in defenses against
such parasites. Moreover, as genetic manipulation of mosquitoes
to make them refractory to Plasmodium infection progresses
(Dong et al., 2011; Isaacs et al., 2011) and genetic drive systemsable to spread genes become sophisticated (Sinkins and Gould,
2006), consideration of evolutionary costs in mosquito–malaria
parasites interactions remains an essential prerequisite for
strategies aiming to spread refractory genes in natural vector
populations (Cirimotich et al., 2011a; Koella, 2003; Koella and
Zaghloul, 2008).
In spite of the epidemiological importance of malaria, studies
on evolutionary forces in mosquito–Plasmodium interactions still
suffer an important gap of knowledge. Indeed, it remains unclear
whether Plasmodium infection induces a ﬁtness cost to the mos-
quito vectors. Because Plasmodium transmission obligatorily relies
on female mosquito gonotrophic cycles, it is conventional to
assume that malaria parasites may evolve towards an innocuous
relationship with their vectors. This implies a strong selective pres-
sure on malaria parasites to not reduce the mosquito ﬁtness espe-
cially on the crucial trait for vector disease transmission which is
survival (Smith and McKenzie, 2004). However, the extensive
immune response developed upon Plasmodium invasion (Dong
et al., 2006; Mendes et al., 2008) is indicative of a beneﬁt for the
mosquito to limit or clear the infection. This suggests that Plasmo-
dium infection causes damages to the vector and justiﬁes an invest-
ment in immune response, itself expected to be costly (Moret and
Schmid-Hempel, 2000). Moreover, polymorphisms in susceptibility
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Riehle et al., 2006) as well as parasite genotype mosquito geno-
type interactions on the success of Plasmodium infection in the vec-
tor (Harris et al., 2010; Lambrechts et al., 2005) are additional hints
that infection imposes a ﬁtness cost (Schmid-Hempel, 2003).
Indeed, resistance and susceptibility alleles to different genotypes
of parasites are predicted to be maintained in vector populations at
frequencies that depend on the cost and the occurrence of infection
(Tripet et al., 2008).
Several studies investigated whether Plasmodium infection
induces ﬁtness costs to their vector mosquitoes. Most of themwere
carried out in non natural combinations of vector–parasite species
and a majority showed that infection affects the mosquito
(Ferguson and Read, 2002b). The relevance of artiﬁcial species
combinations in coevolutionary considerations is however ques-
tionable: evidence for contrasted interactions between artiﬁcial
and natural vector-Plasmodium associations accumulates (Cohuet
et al., 2006; Dong et al., 2006; Tahar et al., 2002) and several
authors stressed the need for studying mosquito–Plasmodium
interactions in natural species combinations (Boete, 2005; Tripet,
2009). In studies where Plasmodium infected their natural vector
species, contradictory results on the cost of infection were found
(Ferguson and Read, 2002b). Some studies did not reveal a Plasmo-
dium falciparum infection cost in Anopheles gambiae (Chege and
Beier, 1990; Robert et al., 1990), whereas others detected a reduced
fecundity (Hogg and Hurd, 1997) or survival (Aboagye-Antwi et al.,
2010) in infected mosquitoes compared to the non infected ones.
Also, an indirect infection cost was observed for sporozoite
infected females: infected mosquitoes increased their persistence
in foraging behavior (Wekesa et al., 1992) and the associated risks
of mortality due to the host defensive behavior (Anderson et al.,
2000), likely as a consequence of a reduced saliva enzyme activity
which may disturb blood ingestion (Rossignol et al., 1984). The
contrasted results reported on the infection cost of P. falciparum
in its natural vectors are likely to be due to difﬁculties to collect
large numbers of infected mosquitoes in the wild and to compare
them to non infected counterparts without precise method to age
ﬁeld caught mosquitoes (Aboagye-Antwi et al., 2010; Chege and
Beier, 1990; Hogg and Hurd, 1997). One experiment used mem-
brane feeding assays to obtain large numbers of experimentally
infected mosquitoes of known age to be compared to non infected
controls and did not reveal infection cost (Robert et al., 1990).
However, infected and non infected ‘control’ mosquitoes were
fed on blood from different donors, which is likely to induce differ-
ences in mosquito ﬁtness unrelated to infection (Sangare et al.,
2013) and may have potentially hidden a ﬁtness cost. In the natural
avian malaria system, Plasmodium infection induced mosquito
mortality under condition of oviposition site deprivation or on
nutritional stress (Lalubin et al., 2014; Zele et al., 2012). However,
a decreased investment in fecundity when oviposition sites were
provided could counteract and overcome the infection cost on sur-
vival, so that infected mosquito revealed an increased survival
compared to the non infected ones, hence favoring parasite trans-
mission (Vezilier et al., 2012). These contrasted results highlight
the need to better understand the impact of Plasmodium parasites
on their natural vectors, in particular for the most deadly parasite
of humans, P. falciparum.
Anopheles–Plasmodium interactions, like any other host parasite
interaction, are modulated by environmental conditions (Lefevre
et al., 2013). It was established in the An. gambiae–P. falciparum
system that infection outcome is conditioned by environmental
variations such as temperature (Okech et al., 2004b), diet (Okech
et al., 2004a) and microbial gut ﬂora (Boissiere et al., 2012;
Cirimotich et al., 2011b). Infection costs were also showed to be
enhanced in stressful conditions for the mosquitoes in artiﬁcial
species combinations (Ferguson and Read, 2002a; Lambrechtset al., 2006) and a study using wild caught An. gambiae females
suggested that P. falciparum infection imposes ﬁtness cost under
hydric stress conditions (Aboagye-Antwi et al., 2010). By acting
on vector competence and ﬁtness costs in Anopheles–Plasmodium
interactions, environmental effects may participate in shaping
the diversity of resistance to infection and explain patterns of
infection (Tripet et al., 2008). However, most studies on mosquito
malaria interactions were carried out in laboratory conditions
standardized to maximize the mosquito ﬁtness. It is therefore
likely that the parasite-induced cost was so far underestimated
(Ferguson and Read, 2002b).
In the ﬁeld, there is increasing evidence that female anopheles
use plant sugar as nutritional resource (Manda et al., 2007a,b;
Muller et al., 2010). However there are large variations in vegeta-
tion availability across seasons, especially in sahelian regions
where dry seasons impose harsh conditions for mosquitoes
(Aboagye-Antwi et al., 2010). In the present study, we investigated
the effect of exposition to and infection by ﬁeld isolates of
P. falciparum in one of their most important vector mosquitoes in
the ﬁeld, Anopheles coluzzii. To do this, we compared life history
traits of mosquitoes fed on P. falciparum gametocyte containing
blood samples from naturally infected patients and control
mosquitoes fed on a non infectious control blood. To avoid the
potential confounding effects of different blood origins for the
infected and control treatments, control treatment mosquitoes
were provided the same blood as infected mosquitoes though
brieﬂy heated. Indeed, it has been shown that heat treatment
inhibits the infection (Mendes et al., 2011, 2008), which we also
veriﬁed in this experiment; and we have previously shown that
blood heat treatment did not affect mosquito survival nor fecun-
dity (Sangare et al., 2013). The environmental effect on infection
cost was explored by exposing the females to different conditions
of sugar resources after blood feeding.2. Material and methods
2.1. Mosquitoes
We used mosquitoes of the An. gambiae complex species
recently named An. coluzzii (Coetzee et al., 2013). The colony was
established from wild-caught gravid females collected in the vicin-
ity of Bobo Dioulasso in 2008, Burkina Faso (Harris et al., 2012).
Mosquitoes were maintained in the insectary under standard con-
ditions (12 h day/night cycle, 28 ± 2 C, 80 ± 5% humidity). Larvae
were reared in plastic trays in local spring water changed every
two days, and were fed ad libitum with TetraMin Baby. Pupae were
collected in cups and placed in 30  30  30 cm cages. Newly
emerged adults were allowed to feed on a 5% glucose solution for
2 days and then starved for 24 h before blood feeding. Female mos-
quitoes were transferred in paper cups at least two hours before
blood feeding.2.2. Plasmodium isolates and mosquito membrane feeding
P. falciparum gametocytes were collected from naturally
infected patients recruited in villages surrounding Bobo Dioulasso
in Burkina Faso. To do this, thick blood smears were produced for
5–11 year old children. Asexual and sexual stages of P. falciparum
were examined by light microscopy and gametocyte density was
evaluated against 1000 white blood cells (WBC), assuming the
standard number of 8000 WBC/lL of blood. After health examina-
tion of the selected gametocyte carriers, venous blood was col-
lected. Experimental infections of An. coluzzii female mosquitoes
were processed by membrane feeding with serum replacement
as previously described (Bousema et al., 2012). Half of the
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heating at 43 C for 15 min and 900 rpm in a thermo-mixer (con-
trol blood) while the remaining blood was maintained at 37 C
(infectious blood). This heat treatment was previously showed to
fully inhibit gametocyte infectivity (Mendes et al., 2011, 2008)
without affecting other blood characteristics relevant to mosquito
ﬁtness (Sangare et al., 2013), allowing comparison of mosquitoes
fed on the same blood and preventing from confounding differ-
ences of mosquito ﬁtness due to infection-independent blood meal
quality (Emami et al., 2013; Sangare et al., 2013). Five hundred
microliters of blood (infectious or control) were distributed in each
membrane feeder maintained at 37 C by circulating water. A min-
imum of two different feeders were used per group of mosquitoes
(fed on infectious versus control blood) in order to limit a potential
feeder effect. At least 60 mosquito females were exposed to each
feeder for 30 min. Fed females were then sorted and placed in indi-
vidual 30 ml plastic tubes for subsequent measures of life history
traits. Because of logistic limitations, the membrane feeding with
the blood from the different gametocyte carriers had to be carried
out at different days and using different mosquito batches from the
same colony. In the statistical analyses the effect ‘‘gametocyte
donor’’ could thus be due to differences among parasite isolates
including for instance density, genotypes, multiplicity of infection
but also the characteristics of the blood of the donors, intrinsic dif-
ferences of the different mosquito batches, date effects, or a com-
bination of the above.
2.3. Life history traits
For all experiments, we chose to maintain the mosquitoes in
individual tubes after blood meal. This prevents potential cage
effects and allows considering each individual mosquito within
experimental blocks as independent for statistical analysis. How-
ever, Anopheles barely lay eggs in individual plastic tubes and the
number of developed eggs counted after dissection of ovaries
was therefore used as a proxy of fecundity. Because Anopheles
can resorb their eggs when subjected to oviposition site depriva-
tion (Dieter et al., 2012), we could not use the females followed
for survival to estimate fecundity. We thus measured these two life
history traits on distinct individuals, which unfortunately did not
allow us to statistically account for potential effects of a survival
– fecundity trade-off.
2.3.1. Survival
In order to measure exposition and infection effects on mos-
quito survival, three day old female mosquitoes were exposed at
their ﬁrst blood meal to P. falciparum infection and compared to
control females fed on the same blood but heat-treated for game-
tocyte inactivation. In a ﬁrst experiment, all blood fed mosquitoes
were provided cotton pads soaked with a 5% glucose solution on
each individual tube, changed every day. This experiment included
5 gametocyte donors. In a second experiment, females fed on both
infectious and control blood were divided into 3 groups in which
they were provided either 5% glucose solution, 2.5% glucose solu-
tion or only water in soaked cotton pads changed every day. This
second experiment included 3 gametocyte donors.
From the day of membrane blood feeding and until death of all
mosquitoes, females were observed every eight hours. Dead
females were immediately processed for determination of the
infection status. For the females that died from the day of blood
meal to 3 days later, midguts were isolated and homogenized in
PBS solution. Ookinete/young oocysts were detected under ﬂuores-
cent microscope by using FITC-labeled anti Pfs25 antibody in 0.05%
Evans Blue as previously described (Robert et al., 1995). For the
females that died from the fourth day after the blood meal, mid-
guts were dissected in a drop of 0.5% mercurochrome, mountedon slides under a coverslip and examined by light microscopy to
detect oocysts. In addition, for each female that died from day 8
post blood meal, the head and thorax were separated from the
abdomen and used for sporozoite detection by PCR. To do this,
DNA was isolated from mosquito head and thorax as previously
described (Morlais et al., 2004). DNA quality was controlled by
amplifying a fragment speciﬁc for the species of the An. gambiae
complex (Fanello et al., 2002) and parasite detection was carried
out by PCR, using P. falciparummitochondrial DNA speciﬁc primers
(F: 50-GGAATGTTATTGCTAACAC-30, R: 50-AATGAAGAGCTGTGTATC-
30) (Morassin et al., 2002). Ampliﬁcation of a 501 bp fragment was
indicative of parasite DNA and the mosquito was then considered
as infected. For females that fed heat-treated blood, midguts were
examined by light microscopy for a subset of at least 20
individuals. None were found infected. For females used in the ﬁrst
experiment, wings were mounted on slides to measure their
length. Wing size was measured from the alula to the wing tip,
excluding scales as previously described (Charlwood, 1996). More-
over, to obtain a relative measure of blood meal size, fecal material
of the blood fed females was dissolved from the plastic tubes in 1%
lithium carbonate solution. The amount of hematin, a by-product
of the decomposition of hemoglobin, was estimated by measuring
absorbance of the mixture compared with a standard curve made
with porcine serum hematin (Sigma–Aldrich) (Briegel, 1980).
2.3.2. Fecundity
From previous measures of fecundity in Anopheles, it was
noticed that a large proportion of Anopheles females do not com-
plete egg maturation after the ﬁrst blood meal, whereas most
females are able to fully develop their eggs at subsequent blood
meals (Charlwood et al., 2003; Mouline et al., 2012; Sangare
et al., 2013; Takken et al., 1998). This was interpreted as a compen-
sation mechanism for nutritional deﬁciencies carried over from
larval life (Takken et al., 1998). For this reason, we made the
assumption that the second gonotrophic cycle is more representa-
tive of female fecundity along its lifespan than the ﬁrst one and egg
production was observed after the second blood meal. Females
used to estimate fecundity were fed on rabbit blood on the third
day after emergence and on human infectious versus control blood
the sixth day of adult life. Female mosquitoes were processed four
days later. We chose that time point to estimate at the same time
the number of developed eggs and the number of oocysts in each
mosquito. Indeed, at this time, corresponding to the average gono-
trophic duration time in nature (Afrane et al., 2005), egg resorption
is not expected to affect egg batch size whereas oocysts are visible
by light microscopy (Aboagye-Antwi et al., 2010). Midguts were
dissected in a drop of 0.5% mercurochrome, mounted on slides
under a coverslip and examined by light microscopy to detect
oocysts. Ovaries were dissected and mature eggs (Christopher’s
stage V) were counted. Wing length and quantity of excreted
hematin were also measured for each individual as described
above. This experiment included 3 gametocyte donors.
2.4. Statistical analyses
We categorized individuals to ‘‘controls’’, ‘‘exposed’’ and
‘‘infected’’, depending on their infection status after the blood
meal. We considered as ‘‘controls’’ individuals which took a heated
blood meal, i.e., individuals which could not have been infected by
Plasmodium. We called ‘‘infected’’ individuals those fed on non-
heated blood and which were a posteriori found to be infected
either through oocyst counts or through PCR at later stages. Finally
we considered as ‘‘exposed’’ individuals which fed on non-heated
blood but were not found infected a posteriori.
To investigate whether infection affects mosquito survival we
calculated Kaplan–Meier survival estimates from female
Table 2
Analysis of the effects of gametocyte donor, infection, their interaction, wing length
and quantity of excreted hematin on female mosquito survival using the Cox
Proportional Hazards model.
Source DF X2 P value
Gametocyte donor 4 32.81 <.0001a
Infection 2 8.61 0.0135a
Gametocyte donor  infection 8 20.59 0.0083a
Hematin 1 2.55 0.1105
Wing length 1 7.57 0.0059a
a Indicates signiﬁcant effect of parameters or interactions (P < 0.05).
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cyte donor, infection status and their interactions using the Cox
Proportional Hazards model. The wing length and the quantity of
excreted hematin were used as covariables after being reduced
and centered. To estimate the effect of nutritional resource
restriction after blood meal in interaction with infection on mos-
quito survival, we calculated Kaplan–Meier survival estimates
from female longevities after the blood meal and tested the effects
of gametocyte donor, glucose availability/concentration, infection
status and their interactions using the Cox Proportional Hazards
model.
We then investigated the effect of infection on mosquito
fecundity. A number of females which took a blood meal did not
develop any egg. We ﬁrst looked whether gametocyte donor, infec-
tion status and their interactions affected the probability that a
female will not develop any eggs using logistic regressions. We
subsequently considered only females which developed at least
one egg, and used linear models to look at the effects of gameto-
cyte donor, infection status and their interactions on the number
of eggs developed by each female. Because fecundity may depend
on the size of the blood meal and the body size of the females, the
wing length and the quantity of excreted hematin were used as
covariables after being reduced and centered.
In the analyses, the gametocyte donor effect is considered as
ﬁxed. The choice of this option was done because (i) ﬁxed effects
models are easier to present than mixed effects models; (ii) when
declaring the gametocyte donor effect and its interaction with the
infection as random effects, similar conclusions were always
reached; (iii) the small number of gametocyte donors (three to
ﬁve) legitimately questions whether they can be considered as a
representative sample of the gametocyte donor population.3. Results
3.1. Survival
The ﬁrst experiment investigated the effect of P. falciparum
infection on An. coluzzii survival when sugar was provided after
membrane feeding. It included 596 females followed for survival
after the blood meal and maintained with 5% glucose solution.
Five gametocyte-containing blood samples, named A, B, C, D
and E, were used with gametocyte densities ranging from 72 to
296 gametocytes/lL (Table 1). Among the females fed on infec-
tious blood samples, 192 were subsequently found infected
whereas 94 females, exposed to the same infectious blood, were
found non-infected a posteriori. 310 Females fed on corresponding
non infectious heated blood samples were used as controls.
The Cox proportional hazards model revealed signiﬁcant effectsTable 1
Blood stage parasite densities and infectivity to mosquitoes for each gametocyte donor. Pre
sporozoite stages. Mean numbers of oocysts were estimated after dissecting mosquito midg
Donor ID Experiment Trophozoïte density
(nb/lL)
Gametocyte densi
(nb/lL)
A Survival 1 0 88
B Survival 1 736 296
C Survival 1 0 72
D Survival 1 0 152
E Survival 1 0 216
F Survival 2 800 600
G Survival 2 1600 128
H Survival 2 0 80
I Fecundity 0 952
J Fecundity 400 256
K Fecundity 0 96
L Fecundity 0 416of gametocyte donor, infection status and the interaction between
them, as well as wing length (Table 2). The signiﬁcant gametocyte
donor  infection interaction is due to the fact that the rank of the
average female survival changed depending on gametocyte
donor: infected females which fed on blood from gametocyte
donor B had a higher survival than uninfected ones, whereas
infected females fed on blood from the other gametocyte donors
had either the same or lower survival than controls; exposed but
non infected females had a lower or similar survival than controls
(Fig. 1). Analysis per gametocyte donor indicated a signiﬁcant
infection effect for 3 out of 5 assays (with donors A, C and E),
one with similar survival for infected and non exposed controls
(A) and two assays with a reduced survival for infected females
compared to their controls (C and E). Exposed but non
infected individuals showed either reduced or similar survival
compared to control mosquitoes. The estimates indicated a nega-
tive relation between wing length and survival suggesting that
larger females died faster. Although such a relation is not
explained so far, it is consistent with previous observations
(Sangare et al., 2013) and may be the result of a trade-off
between survival and fecundity.
The second experiment included glucose deprivation in combi-
nation with infection. A total of 326 infected females fed on 3
different infectious blood samples (named F, G, H) containing
80–600 gametocytes/lL (Table 1), were compared to 162 exposed
but non infected females and 500 females fed on the corresponding
non infectious control blood samples. The Cox proportional
hazards model revealed signiﬁcant effects of glucose treatment,
infection status, the interaction between the glucose treatment
and gametocyte donor and the interaction between glucose
treatment and infection status (Table 3). Infected and exposed
females showed respectively a 31% and 24% higher risk of dying
than control females; individuals that did not receive any glucose
after the blood meal are 5.5 times as likely to die as individuals
which received 2.5% glucose solution and 9.1 times as likely to
die as individuals which received 5.0% glucose solution; femalesvalence of infection is the proportion of mosquitoes found infected either at oocyst or
uts from day 4 to 7 after infectious blood feeding. n: number of mosquitoes dissected.
ty n Prevalence of infection
(95% CI)
Mean number of oocysts
at day 4–7 (95% CI)
107 86.2 (75.9–93.4) 15.5 (10.5–20.6)
116 76.2 (64.5–85.7) 34.4 (22.5–45.5)
120 58.1 (45.1–70.4) 7.0 (4.4–9.7)
156 60.0 (48.8–70.5) 37.8 (15.1–64.7)
97 36.3 (24.6–49.3) 7.0 (4.2–10.0)
400 68.1 (61.9–73.9) 24.1 (19.3–29.4)
337 54.1 (47.1–61.0) 8.7 (6.0–11.7)
251 40 (32.5–47.7) 2.5 (1.8–3.38)
131 84.8 (74.2–91.5) 201.0 (166.8–237.7)
227 75.0 (66.6–81.9) 21.0 (17.5–24.8)
163 32.7 (21.8–45.9) 3.0 (1.66–4.88)
144 61.0 (50.0–71.3) 18.4 (13.53–23.89)
Fig. 1. Kaplan–Meier estimates of survival of female mosquitoes after a blood meal as a function of whether the mosquitoes were infected (dashed lines), exposed but non
infected (thin dotted lines) or not exposed to infection (full lines) for ﬁve gametocyte donors. ⁄ Indicates signiﬁcant difference between the curves (P < 0.05), n indicates the
number of mosquitoes observed in the assay.
Table 3
Analysis of the effects of infection status, glucose treatment, gametocyte donor and
their interactions on female mosquito survival using the Cox Proportional Hazards
model.
Source DF X2 P value
Glucose 2 343.34 <.0001a
Gametocyte donor 2 2.90 0.2345
Infection 2 12.16 0.0023a
Glucose  gametocyte donor 4 12.76 0.0125a
Glucose  infection 4 11.64 0.0202a
Gametocyte donor  infection 4 4.24 0.3745
Glucose  gametocyte donor  infection 8 10.33 0.2424
a Indicates signiﬁcant effect of parameters or interactions (P < 0.05).
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die as those which received 5% glucose solution (Fig. 2). The signif-
icant glucose  donor interaction is due to the fact that theintermediate concentration of glucose (2.5%) induced either an
intermediate average per donor female survival (donor F) or only
slightly reduced the lifespan compared to the females that received
5% glucose (donors G and H). The glucose  infection status
interaction is due to the fact that the rank of the average female
survival changed depending on glucose concentration or availabil-
ity: infected females which received only water had a lower sur-
vival than uninfected counterparts for the three blood donors
whereas infected females which received sugar solutions revealed
similar survival than controls (e.g., Donor F, water versus 5% glu-
cose solution). Analysis per gametocyte donor and glucose concen-
tration indicated no signiﬁcant infection effect for the 6 assays
when 5% or 2.5% glucose solution was provided, and signiﬁcant
infection effect for the 3 assays when females received only water,
with each time a reduced survival for infected females compared to
their control non exposed counterparts and similar survival of the
Fig. 2. Kaplan–Meier estimates of survival of female mosquitoes after a blood meal as a function of whether the mosquitoes were infected (dashed lines), exposed but non
infected (thin dotted line) or not exposed to infection (full lines) for three gametocyte donors and sugar availability: 5% glucose solution (green), 2.5% glucose solution (red) or
only water (blue) after blood meal. ⁄ Indicates signiﬁcant infection status effect (P < 0.05), ns indicates non signiﬁcant infection status effect, n indicates the number of
mosquitoes observed in the assay.
Table 4
Analysis of the effects of infection, gametocyte donor, their interaction, wing length
and quantity of excreted hematin on female mosquito fecundity.
Source DF Sum of squares F ratio Prob > F
Gametocyte donor 2 58,063.50 13.0642 <.0001a
Infection 2 20,306.88 4.5690 0.0108a
Gametocyte donor  infection 4 115,827.16 13.0305 <.0001a
Hematin 1 15,966.67 7.1850 0.0076a
Wing length 1 115,529.15 51.9878 <.0001a
a Indicates signiﬁcant effect of parameters or interactions (P < 0.05).
Fig. 3. Mean number of eggs developed depending on their infection status for
Plasmodium falciparum in mosquitoes fed on blood from 3 gametocyte donors.
Vertical bars indicate standard errors.
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mosquitoes.
3.2. Fecundity
To investigate the effect of P. falciparum infection on the
fecundity of vector mosquitoes, we analyzed 208 infected, 119
exposed but non infected and 338 control females exposed to
infectious versus non infectious blood from 4 gametocyte donors
(named I, J, K, L) containing from 96 to 952 gametocytes/lL
(Table 1). The number of females that did not develop any eggs
was low (less than 10) for females which fed on blood from all
donors except for donor I for which 73 out of 131 females did
not develop any eggs. We considered only females which fed on
this blood to examine whether the probability to develop at least
one egg was affected by their infection status, the size of the blood
meal they had taken or the body size. The analysis showed that
neither infection status (X2 = 2.19; df = 2; p = 0.33) nor body size
(X2 = 0.88; df = 1; p = 0.35) affected that probability. The size of
the blood meal, as estimated through the quantiﬁcation of hema-
tin, did affect this probability (X2 = 22.58; df = 1; p < 0.001) in an
unexpected way: females which took a smaller blood meal had a
higher probability to develop eggs.
We then investigated the effects of gametocyte donor, infection
and their interaction, with wing length and quantity of hematin
used as covariables on egg development. We only considered
females that developed at least one egg. Among the exposed
females for donor I, only 2 developed at least one egg; we therefore
excluded this donor from this analysis. The model revealed ahighly signiﬁcant effect of the donor  infection interaction
(Table 4): control individuals developed approximately the same
number of eggs independently of the blood donor they fed on.
However, the fecundity of infected and exposed individuals varied
I. Sangare et al. / Infection, Genetics and Evolution 25 (2014) 57–65 63largely as a function of the blood donor: infected and exposed
females had higher numbers of eggs than controls for 2 donors
(donors J and L), whereas control females had more eggs than
infected and exposed ones for donor K (Fig. 3). For the 3 donors,
exposed and infected mosquitoes had the same number of eggs.
The quantity of hematin and wing length both affected fecundity
(Table 4), showing that bigger females and females that ingested
more blood developed more eggs.4. Discussion
By using membrane feeding on P. falciparum naturally infected
blood by natural malaria vector mosquitoes, we produced a large
number of infected mosquitoes under controlled conditions, such
that they could be compared to exposed but non infected and to
control counterparts. By using heat inactivated gametocytes con-
taining blood as negative control, we were able to compare life his-
tory traits between mosquitoes that were all fed on the same
blood. This avoids potential confounding effects due to infection-
independent differences in blood quality among donors which
may induce differences in mosquito ﬁtness (Emami et al., 2013;
Sangare et al., 2013).
The results of our study showed that An. coluzzii females exposed
and subsequently infected by ﬁeld isolates of P. falciparum aswell as
exposed but non infected females incur a ﬁtness cost with a
reduced survival dependent on nutritional resources. When a glu-
cose solution was available after blood feeding, the effect on sur-
vival varied between blood donors from no detected effect of
infection and exposition to a reduced survival in exposed-infected
mosquitoes compared to non exposed counterparts. In contrast,
when no nutritional resource was provided after the blood meal,
all the assays showed reduced survival of infected and exposed
females. Infection and exposition effects on fecundity were more
complexwith either increased or decreased number of eggs relative
to control depending on the blood donor. This unexplained pattern
for fecundity may be due to trade-offs between survival and fecun-
dity (Dao et al., 2010), which could not bemeasured here because of
the refractoriness of An. coluzzii to lay eggs in individual tubes.
The present study strongly supports previous results from nat-
urally infected mosquitoes which suggested a P. falciparum infec-
tion associated mortality under hydric stress (Aboagye-Antwi
et al., 2010). In this study, by using wild caught mosquitoes, the
authors could not presume of mosquito age, whether uninfected
mosquitoes had been previously exposed to P. falciparum or not,
or any other parameters of the mosquito life history. Moreover,
sample sizes were limited because of difﬁculties to collect large
numbers of infected vectors in the wild (Aboagye-Antwi et al.,
2010). In our experiment, by using mosquitoes originated from
the local vector population but reared in an insectary, we were able
to compare a large number of individuals of same age, reared
under similar conditions, fed on the same blood and exposed or
not to Plasmodium infection. By investigating the cost of infection
under several conditions of nutritional resources, we evidenced
environmental effects on An. coluzzii – P. falciparum interactions.
Absence of nutritional resources after the infectious blood meal
enhanced the infection cost. Although, the unavailability of nutri-
tional resources, as sugar or blood meal, may not be frequent in
natural settings or limited to speciﬁc seasons and areas, our results
highlight the increased susceptibility to stress of exposed and
infected mosquitoes compared to non exposed counterparts and
suggest competition for nutritional resources between the host
and the parasites. This is consistent with recent ﬁndings showing
that P. falciparum increases sugar attraction and uptake in An. gam-
biae (Nyasembe et al., 2014). Our experiments carried in insectary
conditions are likely to minimize infection costs. Indeed, in nature,mosquitoes are likely to incur multiple kinds of stress such as
defensive behavior of the hosts, predation, desiccation, multiple
microbial infection or exposure to pesticide, which may enhance
infection costs in the ﬁeld. It can also be hypothesized that
mosquitoes may compensate infection costs in the ﬁeld in ways
that were not available in the insectary. Therefore, further studies
should aim at investigating the cost of P. falciparum infection in its
natural vectors under various environmental conditions to give a
broader picture of the interactions between malaria parasites and
vectors.
Our results showed that infected females but also females that
were exposed to the parasites without a posteriori infection incur a
ﬁtness cost. This suggests that females exposed to infectious game-
tocytes mounted an immune response efﬁcient to clear the infec-
tion but also that this resistance was costly. This is consistent
with previous studies in insects showing that immune response
in insects, including mosquitoes, reduces ﬁtness (Ahmed and
Hurd, 2006; Moret and Schmid-Hempel, 2000; Schwartz and
Koella, 2004; Sheldon and Verhulst, 1996). By using heated game-
tocyte containing blood as negative control, we inhibited the infec-
tion in control mosquitoes. However, one cannot exclude that the
presence of parasites in the control blood, although inactivated,
may trigger an immune response (Akman-Anderson et al., 2007;
Arrighi et al., 2009; Lim et al., 2005; Pakpour et al., 2012). Control
mosquitoes would then incur part of the immune response cost,
which would minimize the measured exposition–infection effects
when comparing exposed and infected mosquitoes to controls.
This suggests that our protocol may have underestimated the cost
of P. falciparum exposition and infection in An. coluzzii.
In our experiments, the different parasite isolates produced dif-
ferent levels of infections. The number of parasites was however
not included in the analyses because the infection was measured
at different times after blood ingestion, which does not allow com-
parison due to large variations in parasite numbers along sporog-
ony (Dawes et al., 2009). However, the mean number of oocysts
in a window of four days gives a relative infection intensity result-
ing from the different infectious blood samples (Table 1). We did
not observe an obvious relation between the intensity of infection
and the effect on survival: the blood samples from donors A, C and
E for which infection or exposition had signiﬁcant effects on sur-
vival induced infection intensities that were intermediate (mean
oocyst number per midgut from 7 to 15) among the infections
intensities produced in this study (mean oocysts number per mid-
gut from 2.5 to 201). In contrast, one blood sample (donor I) pro-
duced an infection intensity much higher than the other ones
(mean oocysts number per midgut = 201, CI 166.8–237.7) and a
large proportion of mosquitoes that fed on this blood did not
develop any eggs. Additional feeding assays using high infective
doses would be needed to investigate if high infection intensities
have an effect on the proportion of females that develop eggs. Con-
sidering the number of developed eggs among females that devel-
oped at least one egg, a reduced fecundity was observed with
lowest infection intensity (Donor K) whereas higher infection
intensities were associated to increased number of developed eggs
(Donors J and L). However we cannot conclude if infection intensity
was a determinant of the effect of infection on mosquito ﬁtness.
Indeed, other parameters than infection intensity can vary
between parasite isolates and cannot be distinguished here from
infective dose. For instance, different results obtained from the
replicates using different blood samples may be explained by
genetic differences among parasite isolates, including multiplicity
of infection. Because membrane feeding must take place during
the minutes following blood drawing, it is not possible to use the
same blood for several replicates separated in the time. Also, the
large number of mosquitoes needed to test the effect of one para-
site isolate makes tricky to test several blood isolates at the same
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cannot distinguish parasite isolate effects from experimental block
effects and we can only state that parasite genetics is one of the
potential sources of variation between assays.
By affecting the survival of their vectors, P. falciparum parasites
may exert an important selective pressure. The frequency at which
infection in wild vector population occurs is also an important
determinant of selective pressure from parasite infection. The spo-
rozoite rates found in natural vector populations are barely above
5% (Antonio-Nkondjio et al., 2002; Drakeley et al., 2003). This intu-
itively suggests that only a small proportion of mosquitoes are in
contact with the parasites. However, taking into account the daily
survival rate (Costantini et al., 1996), the duration of sporogonic
development (Vaughan et al., 1992), and the existence of resistance
to infection (Niare et al., 2002; Riehle et al., 2006), the proportion
of mosquitoes that ingest infectious parasites at some point may be
important in endemic areas. In the other hand, because of the long
duration of sporogony of P. falciparum in regards to mosquito life-
span, affecting mosquito longevity may drastically impact vectorial
capacity (Smith and McKenzie, 2004), suggesting that the parasite
is under a strong selective pressure to not reduce its host survival.
This is contrasting with the reduced survival we observed for
infected mosquitoes compared to the non infected ones. All
together, this suggests that the cost of infection by P. falciparum
in its natural vector may have major importance in shaping the
mosquito – parasites interactions.
In conclusion, we evidenced ﬁtness costs induced by an exposi-
tion and infection by P. falciparum ﬁeld isolates on An. coluzziimos-
quitoes colonized from the local vector population. When sugar
was available after the infectious blood meal, the infection effect
on survival and fecundity depended on the blood sample used.
Under conditions of nutritional stress, without any energetic
resource after the infectious blood, the survival was reduced for
exposed and infected mosquitoes. We therefore provide here
evidence of an environment dependant reduced survival in
mosquitoes exposed to infection, in a natural and the most
important to human health malaria–mosquito species association.
Identiﬁcation of the mechanisms involved in the cost of infection
may have crucial implications in malaria control by highlighting
speciﬁc weaknesses of infected malaria vectors that would help
design of vector control measures speciﬁcally targeting infected
mosquitoes.
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